Functionalized pyrazoles are generated from secondary propragyl alcohols and hydrazines in a rutheniumcatalyzed cascade process, consisting of redox isomerization, Michael addition, cyclocondensation and dehydrogenation steps. The same bifunctional catalyst mediates the conversion of tertiary propargyl alcohols with hydrazine to 3-hydroxynitriles via anti-Markovnikov hydroamination followed by elimination of ammonia.
Introduction
The pyrazole nucleus represents a pharmacologically privileged substructure that occurs in numerous pharmaceutical and agrochemical agents. [1] [2] [3] Various types of pharmacological properties, such as antibacterial, antifungal, anticancer, antidepressant, antiinflammatory, anti-tuberculosis, antioxidant as well as antiviral activity have been described for pyrazole derivatives. 1, 2 Consequently, a variety of efficient and versatile synthetic methods have been developed to assemble this structural motif. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] The 1,3-dipolar cycloaddition of diazoalkanes or nitrile imines with olefins and alkynes is limited in terms of the accessibility of the 1,3-dipoles. [2] [3] [4] The more frequently applied classical cyclocondensation of hydrazines with 1,3-dicarbonyl compounds (Knorr synthesis) or acetylenic ketones provides a rapid approach to obtain substituted pyrazoles. [2] [3] [4] [5] [6] [7] Alternatively, the more readily available enones can be used, but this requires an additional oxidation step. [2] [3] [4] [8] [9] [10] [11] In this context, ruthenium catalysis is often utilized and various modes of oxidative catalytic activity are applied, including oxidative C-N coupling, 9 hydrogen transfer, 10 and visible light photoredox catalysis. 11 Some years ago, we discovered that bifunctional ruthenium cyclopentadienone complexes such as catalyst 1 and derivatives thereof bring about various selective transformations of propargyl alcohols with diverse nucleophiles. Secondary propargyl alcohols are converted in a redox-isomerization / Michael addition cascade. [12] [13] [14] [15] [16] Saturated tertiary substrates generate diverse addition or substitution products, 13, 15, 20 whereas tertiary 1-alkenyl propargyl alcohols undergo an allylation/cycloisomerization cascade process. 13, 14, [16] [17] [18] [19] [20] Herein, we report on a mechanistically related formation of pyrazoles from secondary propargyl alcohols and hydrazines as well as the generation of 3-hydroxynitriles from tertiary substrates applying similar reaction conditions (Scheme 1).
Scheme 1.
Conventional pyrazole synthesis and ruthenium catalyzed cascade conversions.
Results and Discussion
The ruthenium-catalyzed conversion of secondary propargyl alcohols 2a-j with hydrazine hydrate led to the formation of various pyrazoles 3. The cascade reaction proceeds via cycloisomerization, Michael addition, cyclocondensation and dehydrogenation steps. Almost quantitative product formation is observed from substrates 2b-2e containing aryl or sterically demanding alkenyl substituents including terpene-derived starting materials. Alkyl-substituted substrates 2a and 2f led to small amounts of 3-hydroxynitriles 4 as byproducts, whereas the hydroamination side product (5) is formed solely from the sterically simplest derivative 2a. Compounds 2g-2j containing sterically less demanding alkenyl side chains generate regioisomeric dihydro pyrazoles 6 as the minor components (Scheme 2). No conversion of the propargyl alcohols is observed in absence of the ruthenium catalyst.
a Reaction time: 15 min for 2a-e, 2g, 2j; 30 min for 2f, 2h, 2i. Scheme 2. Ruthenium catalyzed synthesis of pyrazoles from secondary propargyl alcohols and hydrazine.
If phenylhydrazine is applied as the nucleophilic component, regioisomeric pyrazoles 7 and 8 are obtained selectively. Byproduct formation is observed only using the sterically simple substrate 2a. Substrates 2b and 2i react slowly and some unreacted educt was recovered. Substrate 2a forms isomer 7 as the major compound, whereas unsaturated side chains led to pyrazoles 8 as the major products (Scheme 3).
Scheme 3.
Formation of regioisomeric pyrazoles from secondary propargyl alcohols and phenyl hydrazine.
The formation of byproduct 4 from hydrazine hydrate and alkyl-substituted propargyl alcohols 2a and 2f led us to investigate the formation of similar 3-hydroxynitriles 4 from tertiary propargyl alcohols 2k-o. Almost quantitative product formation is observed from alkyl-substituted substrates 2k and 2l. Propargyl alcohols 2n and 2o are converted much more slowly and some unreacted educt 2 was recovered. The hydroamination side product (5) is formed solely from the sterically simple derivative 2m, whereas N-aminopyrroles 10 are generated as byproducts from substrates 2m-2o containing alkenyl side chains (Scheme 4). The propargyl alcohols are not converted in absence of the ruthenium catalyst. Only trace amounts of hydroxynitriles 4 are generated from substituted hydrazines (e.g. phenylhydrazine, tert.-butylhydrazine, N,N-dimethylhydrazine) and propargyl alcohols 2 applying similar reaction conditions. A related rhodium catalyzed conversion of tertiary propargyl alcohols with tert.-butylhydrazine was previously reported by Fukumoto et al. In accordance with our previously reported results, [12] [13] [14] [15] [16] [17] [18] [19] [20] substrate activation occurs by initial formation of the chelated π-complex I and its subsequent conversion into alkynyl species II. Secondary substrates are further converted to alkenyl complex III by a 1,2-hydrogen shift. Regioselective nucleophilic attack at the metalated carbon followed by a cyclocondensation step leads to alkyl complex V that liberates the pyrazole Scheme 5. Proposed mechanisms for the catalytic transformations. 
Conclusions
We present ruthenium-catalyzed one pot transformations of readily available propargyl alcohols with hydrazines to yield functionalized pyrazoles or 3-hydroxynitriles, selectively. Aldehyde-derived secondary substrates are converted into pyrazoles in a cascade process, consisting of redox isomerization, Michael addition, cyclocondensation and dehydrogenation steps. Ketone-derived tertiary substrates form 3-hydroxynitriles via anti-Markovnikov hydroamination followed by elimination of ammonia. The processes are catalyzed by a bifunctional ruthenium complex containing a redox-coupled cyclopentadienone ligand. Such transition-metal catalyzed cascade reactions are of special interest in the context of drug discovery. The incorporation of multiple structural transformations in one process carried out in one pot increases synthetic efficiency significantly and facilitates the rapid generation of various structural analogues utilizing readily available starting materials.
Experimental Section
General Information All reactions were carried out in a dry atmosphere under argon. The chemicals used were dried and purified according to common procedures. Products were purified by flash chromatography on silica and identified by spectroscopic analysis ( 1 H NMR, 13 C NMR, IR, MS, HRMS). Multiplicity was determined by DEPT spectra for all compounds. Infrared spectra were obtained with a Perkin-Elmer FT-IR 2000. NMR spectra were recorded with a Bruker DPX 400 or a Bruker Avance 600 spectrometer. MS and HRMS data were obtained with a Finnigan MAT 95 or a Waters Acquity UPLC-MS H-Class. Reactions using microwave irradiation were performed in a sealed tube with an Anton-Paar Monowave 300 reactor. Catalyst 1 has been prepared previously, 12 and its crystal structure has been solved.
13
General catalytic procedure Catalyst 1 (0.02 mmol) was dissolved in toluene (2 mL) and the propargyl alcohol (1 mmol) and hydrazine hydrate (2 mmol) or phenylhydrazine (1 mmol) were subsequently added. The mixture was heated to 150 °C for 15-30 minutes using microwave irradiation. Evaporation of the solvent and flash chromatography on silica (gradient: pentane/ethyl acetate) furnished the purified products as colorless or yellow oils or foams. 3-(2,6-Dimethylhepta-1,5-dien-1-yl)-1H-pyrazole (3h) 3-((1R,5S)-6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl)-1-phenyl-1H-pyrazole (7d) . 1 1-Phenyl-3-[4-(prop-1-en-2-yl)cyclohex-1-en-1-yl]-1H-pyrazole (7e) . 1 (E)-1-Phenyl-3-(prop-1-en-1-yl)-1H-pyrazole (7g) . 1 
